After a brief history of two known types of neutrino mixing and oscillations, including neutrino spin and spin-flavour oscillations in the transversal magnetic field, we perform systematic study of a new phenomenon of neutrino spin and spin-flavour oscillations engendered by the transversal matter currents on the bases of the developed quantum treatment of the phenomenon. Possibilities for the resonance amplification of these new types of oscillations by the longitudinal matter currents and longitudinal magnetic fields are analyzed. We also consider modifications of the oscillation probabilities due to possible arbitrary orientation of the magnetic field vector B and the matter velocity v.
The history of neutrino spin oscillations in transversal matter currents and/or transversally polarized matter For many years, until 2004, it was believed that a neutrino helicity precession and the corresponding spin oscillations can be induced by the neutrino magnetic interactions with an external electromagnetic field that provided the existence of the transversal magnetic field component B ⊥ in the particles rest frame. A new and very interesting possibility for neutrino spin (and spin-flavour) oscillations engendered by the neutrino interaction with matter background was proposed and investigated for first time in [1] . It was shown [1] that neutrino spin oscillations can be induced not only by the neutrino interaction with a magnetic field, as it was believed before, but also by neutrino interactions with matter in the case when there is a transversal matter current or matter polarization. This new effect has been explicitly highlighted in [1] :
"The possible emergence of neutrino spin oscillations owing to neutrino interaction with matter under the condition that there exists a nonzero transverse current component or matter polarization is the most important new effect that follows from the investigation of neutrino-spin oscillations in Section 4. So far, it has been assumed that neutrino-spin oscillations may arise only in the case where there exists a nonzero transverse magnetic field in the neutrino rest frame."
For historical notes reviewing studies of the discussed effect see in [2, 3, 4] . It should be noted that the predicted effect exist regardless of a source of the background matter transversal current or polarization (that can be a background magnetic field, for instance). It is also interesting to note th the significant change in the neutrino (spin and flavour) oscillations pattern due to only the longitudinal relativistic motion of matter was indicated as one of four new effects discussed in [5] .
Note that the existence of the discussed effect of neutrino spin oscillations engendered by the transversal matter current and matter polarization and its possible impact in astrophysics have been confirmed in a series of papers [6, 7, 8, 9] . In our recent paper [10] we have developed a consistent quantum treatment of the neutrino spin and spin-flavor oscillations engendered by the transversal matter currents. The presence of the transversal and longitudinal magnetic fields as well as the longitudinal matter currents are accounted for. The developed treatment [10] also allows to account neutrino nonstandard interactions. In addition, different possibilities for the resonance amplification of these kind of neutrino spin and spin-flavor oscillations are considered. Here below [11] we consider a possibility of different orientation of the transversal matter current j ⊥ in respect to the vector of the transversal magnetic field B ⊥ .
Neutrino spin oscillations ν L e ⇐ ( j ⊥ ) ⇒ ν R e engendered by transversal matter currents: semiclassical treatment Following the discussion in [1] consider, as an example, an electron neutrino spin precession in the case when neutrinos with the Standard Model interaction are propagating through moving and polarized matter composed of electrons (electron gas) in the presence of an electromagnetic field given by the electromagnetic-field tensor F µν = (E, B). To derive the neutrino spin oscillation probability in the transversal matter current we use the generalized Bargmann-Michel-Telegdi equation that describes the evolution of the three-dimensional neutrino spin vector S,
where the magnetic field B 0 in the neutrino rest frame is determined by the transversal and longitudinal (with respect to the neutrino motion) magnetic and electric field components in the laboratory frame,
Here n 0 = n e 1 − v 2 e is the invariant number density of matter given in the reference frame for which the total speed of matter is zero. The vectors V e , and ζ e 0 ≤ |ζ e | 2 ≤ 1 denote, respectively, the speed of the reference frame in which the mean momentum of matter (electrons) is zero, and the mean value of the polarization vector of the background electrons in the above mentioned reference frame. The coefficients ρ 
For neutrino evolution between two neutrino states ν L e ⇔ ν R e in presence of the magnetic field and moving matter we get [1] the following equation
Thus, the probability of the neutrino spin oscillations in the adiabatic approximation is given by
where
From this it follows [1] that even in the absence of the transversal magnetic field the neutrino spin oscillations can appear due to the transversal matter current.
Neutrino spin oscillations ν L e ⇐ ( j ⊥ ) ⇒ ν R e engendered by transversal matter currents: quantum treatment Here below we continue our studies of the effect of neutrino spin evolution induced by the transversal matter currents and develop a consistent derivation of the effect based on the direct calculation of the spin evolution effective Hamiltonian in the case when a neutrino is propagating in matter transversal currents.
Consider two flavour neutrinos with two possible helicities
matter composed of neutrons. The neutrino interaction Lagrangian reads
where f µ = − G F √ 2 n(1, v), l = e, µ indicates the neutrino flavour, i = 1, 2 indicates the neutrino mass state and the matter potential f µ depends on the velocity of matter v = (v 1 , v 2 , v 3 ) and on the neutron number density in the laboratory reference frame n = n 0 √ 1−v 2 . Each of the flavour neutrinos is a superposition of the neutrino mass states,
The neutrino evolution equation in the flavour basis is
where the effective Hamiltonian consists of the vacuum and interaction parts:
∆H e f f can be expressed as [3] ∆H
k, l = e, µ, s, s ′ = ±. In evaluation of ∆ ss ′ kl we have first introduced the neutrino flavour states ν s k and ν s ′ l as superpositions of the mass states ν ± 1,2 . Then, using the exact free neutrino mass states spinors,
where the two-component spinors define neutrino helicity states, and are given by
for the typical term ∆ ss ′ αα ′ = ν s α ∆H SM ν s ′ α ′ , that by fixing proper values of α, s, α ′ and s ′ an reproduces all of the elements of the neutrino evolution Hamiltonian ∆H e f f that accounts for the effect of matter motion, we obtain [3] 
where v || and v ⊥ are the longitudinal and transversal velocities of the matter current,
so that the effective interaction Hamiltonian in the flavour basis has the following structure,
Here we introduce the following formal notations:
The flavor neutrino evolution Hamiltonian in the magnetic field H f B can be calculated in the same way. One just should start from the neutrino electromagnetic interaction Lagrangian 
µ ee = µ 11 cos 2 θ + µ 22 sin 2 θ + µ 12 sin 2θ , µ eµ = µ 12 cos 2θ + 1 2 (µ 22 − µ 11 ) sin 2θ , µ µ µ = µ 11 sin 2 θ + µ 22 cos 2 θ − µ 12 sin 2θ .
(23)
The Hamiltonian (21) explicitly accounts [11] for a possibility of different orientation of the transversal matter current j ⊥ in respect to the vector of the transversal magnetic field B ⊥ .
Probability of neutrino spin-flavor oscillations
Consider two states of neutrino (ν L e , ν R µ ). The corresponding oscillations are governed by the evolution equation
For the oscillation ν L e ⇐ ( j ⊥ , B ⊥ ) ⇒ ν R µ probability we get (7) with
The obtained expressions allow to consider [10] the effect of the resonance amplification of the neutrino spin-flavor oscillations in different background environments.
Resonance amplification of neutrino spin-flavor oscillations ν L e ⇐ ( j ⊥ ) ⇒ ν R µ by longitudinal matter current
Here we examine [10, 11] the case when the amplitude of oscillations sin 2 2θ eff in (7) is not small and we use the criterion based on the demand that sin 2 2θ eff ≥ 1 2 which is provided by the condition E eff ≥ ∆ eff .
Consider the case when the effect of the magnetic field is negligible, thus we get
In the further evaluations we use the approximation η γ eµ ≈ sin 2θ γ ν , where γ ν = γ 11 ∼ γ 22 is the neutrino effective gamma-factor. In the case v || = 0 we get
Finally, the criterion sin 2 2θ eff ≥ 1 2 is fulfilled when the following condition is valid:Gn ≥ ∆M.
Consider a model of short gamma-ray bursts (see [12, 13] ). Neutrino escaping the central neutron star with inclination given by an angle α from the plane of the accretion disk propagates through the toroidal bulk of very dense matter that rotates with the angular velocity of about ω = 10 3 s −1 around the axis that is perpendicular to the accretion disk. The diameter of the perpendicular cut of the toroidal bulk of matter is about d ∼ 20 km and the distance from the center of this cut to the center of the neutron star is also about D ∼ 20 km. The transversal velocity of matter can be estimated accordingly v ⊥ = ωD = 0.067 that corresponds to γ n = 1.002.
The mass squared difference and mixing angle are taken from the solar neutrino measurements, ∆m 2 = 7.37 × 10 −5 eV 2 , sin 2 θ = 0.297 (cos 2θ = 0.406). Consider neutrino with energy p ν 0 = 10 6 eV and moving matter characterized by γ n = 1.002. Thus, we get ∆M = 0.75 × 10 −11 eV. Accounting for the estimationG = G F 2 √ 2 = 0.4 × 10 −23 eV −2 from the criterionGn ≥ ∆M we get the quite reasonable condition on the density of neutrons, n 0 ≥ ∆M G = 10 12 eV 3 ≈ 10 26 cm −3 . The corresponding oscillation length is approximately L eff = π η γ eµG nv ⊥ ≈ 5 × 10 11 km.
The oscillation length can be within the scale of short gamma-ray bursts L eff ≈ 10 km if the matter density equals n 0 ≈ 5 × 10 36 cm −3 . The performed studies [10, 11] of neutrino spin ν L e ⇐ ( j ⊥ ) ⇒ ν R e and spin-flavor ν L e ⇐ ( j ⊥ ) ⇒ ν R µ oscillations engendered by the transversal matter currents in the presence of arbitrary magnetic fields allow one to consider possibilities of applications of these very interesting new effects in different astrophysical settings.
